We examine magnetic and electric field perturbations associated with a sudden commencement (SC), caused by an interplanetary (IP) shock passing over the Earth's magnetosphere on 16 February 2013. The SC was identified in the magnetic and electric field data measured at Time History of Events and Macroscale Interactions during Substorms (THEMIS-E; THE-E: magnetic local time (MLT) = 12.4, L = 6.3), Van Allen Probe-A (VAP-A: MLT = 3.2, L = 5.1), and Van Allen Probe-B (VAP-B: MLT = 0.2. L = 4.9) in the magnetosphere. During the SC interval, THE-E observed a dawnward-then-duskward electric (E) field perturbation around noon, while VAP-B observed a duskward E field perturbation around midnight. VAP-A observed a dawnward-then-duskward E field perturbation in the postmidnight sector, but the duration and magnitude of the dawnward E perturbation are much shorter and weaker than that at THE-E. That is, the E field signature changes with local time during the SC interval. The Super Dual Auroral Radar Network radar data indicate that the ionospheric plasma motions during the SC are mainly due to the E field variations observed in space. This indicates that the SC-associated E field in space plays a significant role in determining the dynamic variations of the ionospheric convection flow. By comparing previous SC MHD simulations and our observations, we suggest that the E field variations observed at the spacecraft are produced by magnetospheric convection flows due to deformation of the magnetosphere as the IP shock sweeps the magnetopause.
Introduction
Transient ground magnetic field signatures responding to an interplanetary (IP) shock are referred to as a geomagnetic sudden commencement (SC) (see Araki, 1994 , and references therein). At low and middle latitudes on the ground, the SC signatures exhibit a simple step-like increase in the horizontal (H) component. At high latitudes, however, they show a bipolar magnetic field variation consisting of two pulses with opposite polarities in the H component. The former variation is called a preliminary impulse (PI) , and the latter is called a main impulse (MI) . Since a bipolar signature occurs for a stepwise increase in the solar wind dynamic pressure, it cannot be explained by changes in the magnetopause current (i.e., inward magnetopause motions), which produces low-latitude magnetic field perturbations (e.g., Kim et al., 2002 Kim et al., , 2004 Russell et al., 1992) , associated with changes in the solar wind dynamic pressure. In order to explain why the ground SC signatures vary with latitudes, Araki (1994) developed a qualitative model for ground SCs using the current system combined with magnetopause currents, field-aligned currents (FACs), and ionospheric currents.
In the SC model, it has been suggested that PI-associated FACs (PI-FACs) are caused by the coupling of the fast mode waves, which are launched at the magnetopause when the magnetosphere is suddenly compressed by an IP shock, to shear Alfvén waves contributing to FACs due to the radial inhomogeneity in the magnetosphere (Chen & Hasegawa, 1974; Southwood, 1974; Tamao, 1965) . Thus, the magnetospheric convection flows are not directly connected with ionospheric convection flows during the PI phase. The PI-associated FACs flow into the dusk ionosphere and out of the dawn ionosphere, producing a twin vortex current system with a counterclockwise Hall current vortex on the morning side and a clockwise Hall current vortex on the afternoon side in the ionosphere. The MI perturbation is associated with FACs, which are opposite direction to PI-FACs, produced by a duskward electric field connected to a newly enhanced magnetospheric convection in the new Satellite observations at geosynchronous orbit show a strong local time asymmetry of SC amplitudes with a maximum amplitude near noon and a minimum amplitude near midnight (e.g., Borodkova et al., 2005; Kokubun, 1983; Kuwashima et al., 1985; Park et al., 2012; Villante & Piersanti, 2008; Wang et al., 2009) . Such a day-night asymmetry of geosynchronous SC amplitudes may be due to the fact that SC-associated magnetopause and tail currents mainly contribute to geosynchronous magnetic field perturbations on the dayside and nightside, respectively. It has been reported that the propagation speed of SC-associated magnetic field perturbations in the magnetosphere is comparable to the fast mode speed, which is usually greater than the propagation speed of an IP shock in the solar wind (e.g., Baumjohann et al., 1983; Keika et al., 2009; Knott et al., 1985; Nopper et al., 1982; Sugiura et al., 1968; Wilken et al., 1982) . However, there are previous studies reporting that the propagation speed of SC is much slower than the fast mode speed in the magnetotail (Huttunen et al., 2005; Kawano et al., 1992; Kim et al., 2004) . The authors suggested that the major field change of SC in the magnetotail is due to lateral increases in the solar wind dynamic pressure squeezing the magnetotail and moving tailward.
The response of the magnetospheric plasma to solar wind pressure variations producing SC has been discussed using electric field and plasma data obtained in the magnetosphere. Baumjohann et al. (1983) observed magnetospheric plasma drifts rotating toward dusk from an antisunward direction, corresponding to a clockwise flow vortex, at geosynchronous orbit in the morning sector during traversal of an IP shock. Similar SC-associated plasma convection flows, estimated from electric and magnetic field data, near geosynchronous orbit in the morning sector have been reported by Kim et al. (2012) . Most recently, Tian et al. (2016) used ion bulk velocity data in the outer magnetosphere of the prenoon sector during an SC interval and observed a clockwise flow vortex. Since the vortical flows reported in the previous studies appear a few minutes after the SC onset, it has been suggested that the MI-FACs are correlated with the vortical flow motions (e.g., Kim et al., 2009 ). Shinbori et al. (2004) statistically examined the initial electric field perturbations of SCs corresponding to the interval of the PI phase in the inner magnetosphere (L < 4) and observed that the initial excursion of the electric field tends to be directed westward without local time dependence. The authors showed that the Poynting vector of the initial SC impulse is directed earthward for all local times. On the dayside, the initial westward electric field perturbations of SCs can be interpreted as the fast mode waves propagating tailward. On the nightside, however, it should be examined whether the initial perturbations of SCs are associated with fast mode waves propagating earthward, which is opposite to the direction on the dayside, because the westward electric perturbation on the nightside can be generated by the earthward convection flow associated with SC (e.g., Kim et al., 2009; Samsonov and Sibeck, 2013; Shi et al., 2014; Sun et al., 2015) .
In this study, we present a detailed analysis of the relationship between the electric field perturbations and ionospheric convection flows of an SC event observed on 16 February (Day 47) 2013. Although numerous SC studies have been conducted using magnetic and electric field data in space and magnetic field data on the ground, there is no direct comparison between the SC-associated E field variations and ionospheric convection flows from multipoint observations in the magnetosphere and ionosphere. Using the electric and magnetic field data obtained in space and the SuperDARN radar data obtained in the iosnosphere, we show that the ionospheric convection flows at high and middle latitudes are strongly connected with the SC-associated electric field variations observed in space for the PI and MI phases. We discuss whether these observations can be explained by the qualitative SC model (Araki, 1994) by comparing them with previous numerical studies. We note that the term "SC" is used for a sudden H component increase at low latitudes if a geomagnetic storm follows and the term "sudden impulse (SI)" is used without a following magnetic storm. Since SI has been proved to be caused by the same mechanism as SC, we use the term "SC" instead of "SI" in this study even though a magnetic storm follows our event.
The organization of the paper is as follows. Section 2 describes the satellite and ground experiments. Section 3 describes the data analysis. Section 4 presents a discussion, and section 5 concludes the study.
Data Sets
We use the solar wind and IMF data from the Solar Wind Experiment (SWE) (Ogilvie et al., 1995) and Magnetic Fields Investigation (MFI) (Lepping et al., 1995) instruments, respectively, on the Wind spacecraft to identify the IP shock in the solar wind on 16 February 2013. The magnetic (Auster et al., 2008) and electric field (Bonnell et al., 2008) data obtained from Time History of Events and Macroscale Interactions during Substorms (THEMIS-E; THE-E) around noon at L = 6.3 are used to examine dayside magnetospheric responses to the IP shock. We also use the magnetic (Kletzing et al., 2013) and electric field (Wygant et al., 2013) We use the 1 min SYM-H index (Iyemori & Rao, 1996) to identify the SC event at middle/low latitudes on the ground. For SC observations at high latitudes on the ground, we use geomagnetic field data from the IMAGE (International Monitor for Auroral Geomagnetic Effects) stations (Lühr, 1994) . That is, the middle-/low-latitude geomagnetic field change is due to the change in size of the magnetosphere, which is equivalent to changes in the magnetopause current. Figure 2 shows the locations of THE-E, VAP-A, and VAP-B, projected onto the GSM x-y plane, at the onset time of the SC. The thin and thick solid curves indicate the model magnetopauses calculated by the empirical formulae of Shue et al. (1998) for IMF B z and P sw prior to and after the IP shock, respectively. We used IMF B z = 1.8 nT and P sw = 1.0 nPa for the solar wind parameters prior to the SC event, and the compressed model magnetopause was calculated with the solar wind parameters of IMF B z = 2.0 nT and P sw = 2.2 nPa. At the onset time of the SC, THE-E was around noon (MLT = 12.4) at L = ∼ 6, and VAP-A and VAP-B were postmidnight (MLT = 3.2) and around midnight (MLT = 0.2), respectively, at L =∼ 5.
SC-Associated Magnetic and Electric Field Variations in the Magnetosphere
Figures 3a and 3b show the observed magnetic field magnitude B T (red) along with the model B T (blue), developed by Tsyganenko and Sitnov (2005) (TS05) at the position of THE-E, and the difference between the observed and model magnetic field magnitudes (ΔB T ). For the input parameters of the model TS05, we used the values just before the SC to exhibit the SC-associated field deviations. They were P sw = 1.0 nPa, IMF B z = 1.8 nT, IMF B y = 4.5 nT, and Dst = −1 nT. A sudden enhancement in B T occurred at ∼12:08 UT (marked by the vertical dashed line). There was an ∼1 min time delay in the SC onset times between THE-E and the Earth's surface (SYM-H), indicating that the initial perturbation of the SC propagated earthward with a speed of ∼560 km/s. This speed is much smaller than the average equatorial Alfvén velocity of ∼1,000 km/s in the dayside magnetosphere (Takahashi & Anderson, 1992) . It should be noted that the time resolution of the THE-E magnetic field data is 4 s, while SYM-H is at 1 min resolution, having an uncertainty of ±30 s. Thus, there is difficulty in estimating the exact propagation speed of the compressional front between THE-E and the Earth's surface. ΔB T increased to ∼20 nT, which is ∼15% of the unperturbed background magnetic field intensity, during the first 6 min following the SC onset and stayed at ∼20 nT until 12:30 UT. This is due to the increased P sw behind the shock front, as shown in Figure 1 . Figure 3c shows the y component of the electric field (E y ) measured by THE-E in geocentric solar magnetospheric (GSM) coordinates. It is clearly shown that E y rapidly decreased by about −5 mV/m at SC onset (∼12:08 UT). This negative E y (i.e., the dusk-to-dawn electric field) perturbation beginning at magnetic field enhancement can be explained by the earthward plasma motion around noon due to the magnetospheric compression. From ∼12:10 to ∼12:12 UT, E y returned to the values oscillating near zero from before the SC and then showed a small negative perturbation until 12:13 UT. Inspection of the SC-associated ΔB T indicates that during the interval of ∼12:08-12:10 UT, ΔB T shows a rapid increase. After 12:10 UT, however, its slope becomes more gradual. This may be due to the fact that the degree of compression decreased gradually from 12:08 to 12:13 UT. signature is similar to that in previous studies using the Akebono data (Shinbori et al., 2004) and THEMIS data . The positive E y perturbation corresponds to sunward plasma convection. This plasma movement can be expected from a vortical plasma motion generated inside the magnetosphere as the IP shock front travels along the magnetopause Kim et al., 2009 Kim et al., , 2012 Yu & Ridley, 2009 ). After 12:17 UT, E y is positively biased until 12:30 UT, and the average value of E y for 12:17-12:30 UT is smaller than that for 12:13-12:17 UT. A statistical study of positively biased E y variations after SC events has been conducted by Shinbori et al. (2006) , and the authors reported that the origin of positive E y is a plasma motion caused by compression of the magnetosphere due to the solar wind shock and discontinuity. Figure 4 shows the magnetic field data together with the TS05 model for the parameters just before the SC and electric field data obtained by VAP-B near midnight in the inner magnetosphere (L < 6). The vertical dashed line indicates the SC onset time identified at THE-E around noon. Unlike the ΔB T variations at THE-E, ΔB T at VAP-B around midnight did not remain at an elevated level after the SC. As shown in Figure 4a , the observation agrees well with the model field before the SC. After 12:17:40 UT, however, the observed magnetic field intensity is smaller than the model field, and the deviations between the model and observation increase with time. We suggest that ΔB T decreasing around 12:13:30 UT is due to the intensification of the cross-tail current after the SC event as the IP shock passed over the nightside magnetosphere (e.g., Park et al., 2014) . The SC-associated E y variations near midnight are plotted in Figure 4c . The bipolar (negative-then-positive) signature in E y observed at THE-E was not identified at VAP-B. SC-associated E y near midnight was only positively enhanced at the onset of SC, ∼12:09:30 UT, and lasted until ∼12:27 UT. This positive E y perturbation is consistent with the numerical simulation by Kim et al. (2009) . The authors in that study showed that the positive E y around midnight is due to the earthward plasma flow, which is opposite to the flow direction identified around noon by THE-E, associated with the flow vortex generated near the flankside in the magnetosphere as the solar wind discontinuity passes over the magnetosphere. Figure 5 shows the SC-associated magnetic and electric field variations observed at VAP-A in the postmidnight sector. ΔB T suddenly increased around 12:09:09 UT, accompanied by a small decrease in E y . This negative E y perturbation lasted for ∼1 min, which is much shorter than the negative E y interval at THE-E around noon. The polarity of E y changed to positive around 12:10:14 UT, and this positively enhanced E y lasted until 12:30 UT. These E y perturbations during the passage of the IP shock correspond to vortical plasma motions . The enhanced ΔB T started to decrease around 12:13:21 UT, which can be attributed to the intensification of the SC-associated cross-tail current as mentioned above. Figure 6 shows the line-of-sight (LOS) Doppler velocity maps from the Pykkvibaer (PYK) radar at 12 different times, which are selected just before the SC (Figure 6a ), during the SC (Figures 6b-6h) , and after the SC (Figures 6i-6l) . Note that the SC interval is determined by the THE-E magnetic field data, exhibiting a steep increase in ΔB T from 12:08 to 12:14 UT. The positive and negative velocities in Figure 6 correspond to the line-of-sight velocity toward and away from the radar, respectively, indicating an equatorward convection and a poleward convection.
SuperDARN Observations
At 12:07 UT before the SC (Figure 6a ), the radar detected slightly positive (green) velocities at lower latitudes and strong negative (red) velocities at higher latitudes in the afternoon sector. We infer that the negative velocities representing the poleward flow (i.e., antisunward flow) at higher latitudes are driven by magnetic reconnection at the magnetopause. The positive velocities represent the return flow (i.e., sunward flow) from the magnetotail. Such a flow pattern in the field of view (FOV) of the PYK radar may be a feature resulting from a round afternoon cell driving a westward flow into the polar cap. Figure 6b shows the ionospheric convection at onset of the SC. There was an abrupt change in convection flows with positive velocity (equatorward convection) enhancement at 12:08 UT. This corresponds to the time of onset of the negative (dusk-to-dawn) E y perturbation at THE-E around noon. Since the equatorward ionospheric motions at high latitudes in the dayside are due to the westward (dusk-to-dawn) electric field in the ionosphere, it is suggested that the SC-associated negative E y observed at THE-E near noon is directly transmitted into the dayside ionosphere.
The equatorward convection appears at higher latitudes (>70 ∘ MLAT) in the FOV at 12:08 UT and extended to lower latitudes (∼67 ∘ MLAT), except for the southward edge of the FOV at 12:09. No dramatic equatorward motions are seen at 12:10 UT and 12:11 UT.
Negative velocity (poleward convection) was observed at 12:12 UT, and it was more enhanced after 12:14 UT. The flow reversal appears at 12:15 UT. That is, negative velocities were detected on most beams at close ranges, and positive velocities were detected in a localized region, ∼14 MLT and ∼75 ∘ MLAT, at further ranges. The data at 12:17 UT and 12:18 UT demonstrate that the localized positive velocities expanded toward later local times and that the negative velocities were limited toward higher latitudes with more intense velocities at further ranges. This flow reversal may be associated with the vortical plasma motion in the outer magnetosphere, which is generated near the afternoon sector as the IP shock passes over the magnetosphere (Kim et al., 2009 .
In order to examine the relationship between electric field variations in the dayside outer magnetosphere and dayside ionospheric motions at high latitudes during the SC interval, we plot E y observed at THE-E and the LOS Doppler velocity along beam 2 of the SuperDARN PYK radar and the line plot of the LOS velocity at range 27 along the beam 2, as shown in Figure 7 . Two vertical dashed lines indicate the SC onset time and the time of E y polarity change from negative to positive, respectively. Note that the PYK data are at a 1 min resolution with an uncertainty of ±30 s. To make the comparison meaningful, the E y data resampled at 1 min intervals are plotted with blue dots in Figure 7a .
As expected from the LOS Doppler velocity maps of Figure 6 , the pronounced ionospheric equatorward convection (positive velocity) was observed when E y at THE-E was negatively enhanced, indicating that the plasma moves inward toward the satellite during magnetospheric compression. The duration of equatorward motion is comparable to that of the negative E y perturbation. The ionospheric equatorward motions at MLAT = ∼74-78 ∘ is about 30 m/s. Assuming 60,000 nT at that region, the E y perturbation of −2 mV/m at THE-E corresponds to the ionospheric equatorward convection of ∼30 m/s observed at PYK. A sudden poleward convection (negative velocity) started at 12:13 UT, when the E y polarity changes from negative to positive, lasting until 12:18 UT. During the interval of 12:13-12:18 UT, E y was positively enhanced. This indicates that the time-modulated ionospheric convection flows at high latitudes on the dayside are strongly correlated with the SC-associated E y variations in the dayside magnetosphere. 
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The observations of a positive E y , corresponding to sunward plasma flow, in space at L = ∼ 5.7-6.0 and equatorward ionospheric flow at high latitudes (>74 ∘ MLAT) can be explained in terms of the vortical plasma motion rotating counterclockwise on the afternoon side, assuming that the center of the vortex is located somewhere between the magnetopause and THE-E (i.e., L = ∼ 5.7-6.0) and that the SuperDARN observations correspond to the plasma motion just inside the magnetopause (Kim et al., 2009; Samsonov & Sibeck, 2013; Yu & Ridley, 2009 ).
The SuperDARN Hokkaido (HOK) radar (Nishitani et al., 2011) measures ionospheric plasma flows at subauroral latitudes from 40 ∘ to 65 ∘ MLAT. When the IP shock hit the magnetopause and while it passed over the magnetosphere, the HOK radar was located around MLT = 21 and observed subauroral latitude ionospheric responses to the passage of the IP shock in the premidnight sector. Figures 8a-8d show the UT indicate the SC onset at THE-E and E y polarity reversal from negative to positive at VAP-A, respectively. Before SC onset, the LOS Doppler velocity was positive. The velocity decreased to near zero or negative values for about 2 min after SC onset and then suddenly increased at ∼12:10 UT, indicating SC-associated ionospheric motions away from the radar and then toward the radar. These ionospheric motions in the premidnight sector clearly corresponded to the SC-associated E y variations in the postmidnight sector. That is, for a negative perturbation in E y (i.e., a dusk-to-dawn electric field), the ionosphere responded to ionospheric motion away from the radar, and for a positive perturbation (i.e., dawn-to-dusk electric field), ionospheric motion toward the radar was measured. Furthermore, there are positive enhancements in E y (marked by arrows) after the E y polarity reversal. These enhancements match those in the LOS velocities of range 29 along beam 4 without a time delay. From these observations, we suggest that the electric field variations in space were the source of the ionospheric plasma motion. Figure 9 shows the northward (X) and eastward (Y) magnetic field components for 12:00-12:30 UT at the five high-latitude ground stations listed in Table 1 on the dayside along with the THE-E observations of E y and ΔB. The ground stations are ordered by decreasing latitudes, from highest ( Figure 9a ) to lowest (Figure 9e ), on the same scale. The site code, magnetic latitude, and local time at 12:10 UT are presented to the right of each panel of the ground magnetometer data. THE-E location parameters at 12:10 UT are also shown to the right. The strong negative E y perturbation interval is marked by the vertical dashed lines at ∼12:08 UT and ∼12:10 UT. The vertical dashed line at 12:13 UT indicates the E y polarity change from negative to positive.
High-Latitude SC Observations on the Ground
It has been reported that the SC-associated magnetic field perturbations at high latitudes are produced by ionospheric two-cell Hall currents produced by a pair of field-aligned currents (FACs) flowing into and out of the ionosphere at latitudes of ∼70 ∘ (e.g., Araki, 1994; Fujita, Tanaka, Kikuchi, Fujimoto, Hosokawa, et al., 2003; Slinker et al., 1999) . At BJN, which was located at MLAT = ∼71 ∘ in the afternoon sector, there was a bipolar signature (i.e., negative-then-positive perturbation) in the X component, which is consistent with the high-latitude ground magnetic field perturbations in the afternoon sector expected from the SC model developed by Araki (1994) . In the Y component, however, there were no bipolar perturbations with amplitudes comparable to the X perturbation. These field signatures may be explained by the ionospheric Hall currents, first with a clockwise polarity caused by a FAC flowing into the ionosphere and then with a counterclockwise polarity caused by a FAC flowing out of the ionosphere in the afternoon sector. If BJN is located below and on the same meridian of the FAC footprints, a negative-then-positive perturbation in the X component can be expected without a significant perturbation in the Y component. Unlike at BJN, a positive-then-negative perturbation in the Y component was observed with a negative-then-positive perturbation in the X component at LYR and HOR. These X and Y perturbations imply that the both stations were located below and east of the FAC footprints. The magnitudes of the X perturbations at HOR and BJN are comparable and larger than those at the other stations located at lower and higher latitudes, indicating that the location of FAC footprints is near HOR and BJN.
For the interval of a strong negative E y perturbation (∼12:08-12:10 UT) observed at THE-E, the X components at LYR, HOR, and BJN showed positive perturbations, while negative perturbations occurred at SOR and LYC. The amplitude of the perturbation at HOR is larger than that of the other stations. This indicates that the source of the perturbation is close to HOR. As mentioned above, the negative E y perturbation in the outer magnetosphere around noon corresponds to a plasma motion toward the Earth due to magnetospheric compression. During the interval of the negative E y perturbation, the equatorward ionospheric convection was suddenly enhanced at latitudes higher than MLAT > 70 ∘ (see Figures 6b and 6c) . Thus, we suggest that the ground magnetic field perturbations preceding the large amplitude bipolar signatures are associated with magnetospheric convection in the outer magnetosphere during the initial SC interval. The X component polarity change from negative to positive at BJN appeared around 12:13 UT when the E y polarity changed from negative to positive at THE-E. Following the vertical dashed line at 12:13 UT, we find that the positive enhancements in the X component at SOR and LYC started at that time, indicating that an SC-associated time-varying magnetospheric electric field in space is directly connected to the source of high-latitude magnetic field perturbations.
Discussion
We discuss the SC-associated electric field variations observed by THE-E near noon, VAP-A in the postmidnight sector, and VAP-B near midnight. During the SC interval, the negative-then-positive (i.e., dawnwardthen-duskward) bipolar signature in E y was observed at THE-E around noon (MLT = 12.4 and L = ∼ 6). Such a bipolar E y was also observed at VAP-A in the postmidnight sector (MLT = ∼ 3.2 and L = ∼ 5) with a short duration time for the negative E y perturbation. These bipolar E y signatures in our study are similar to previous observations by the THEMIS probes in the prenoon sector and by the Akebono satellite in the dawnside inner magnetosphere (Shinbori et al., 2004) . Near the midnight sector (MLT = 0.3 and L = ∼ 5), however, VAP-B observed only a positive (duskward) E y deflection without a negative E y perturbation. This indicates that the E y signatures are more complicated than the SC-associated magnetic field variations in space.
The behavior of the SC-associated initial E y disturbances around noon and midnight is puzzling when trying to fit our observations with the Araki's SC model. In the SC model the PI signature results from a compressional impulse launched at the dayside magnetopause where an IP shock hit. Such a compressional magnetospheric disturbance propagates tailward as a fast mode wave (e.g., Keika et al., 2009; Wilken et al., 1982) . THE-E around noon observed a sudden dawnward enhancement in E y . If this E y signature is associated with a fast mode wave, the Poynting vector of the initial SC impulse is directed tailward because of dawnward E y perturbation (negative E y ) and northward B z perturbation (positive B z ). If the initial magnetic field perturbation (i.e., a positive B z ) observed at VAP-B around midnight is caused by a fast mode wave propagating tailward, a dawnward E y perturbation must be detected near midnight because the electromagnetic energy of the compressional pulse is directed tailward. However, the observations at VAP-B around midnight indicate earthward Poynting flux because the initial E y perturbation is duskward. This is not a unique case. In a statistical study of SC-related electric field perturbations by Shinbori et al. (2004) , the authors reported that there is no Poynting vector for the initial SC impulse directed tailward in the nightside sector. Thus, it is questionable whether the PI signature shown at BJN for the interval of ∼12:08-12:13 UT is associated with a fast mode wave.
Previous ground observations have reported that the footprints of PI-associated FACs in the ionosphere are located around the magnetic latitudes of ∼70 ∘ -75 ∘ (e.g., Araki, 1994; Engebretson et al., 1999; Moretto et al., 2000) . This location corresponds to a radial distance of L > 8 in the magnetosphere. In Araki's SC model, the PI-associated FACs are converted via coupling of the compressional signal launched at the magnetopause by a sudden compression. This mode conversion from the compressional mode to the Alfvén mode occurs most effectively in a region of a steep Alfvén speed gradient (e.g., Tamao, 1965) . Such a region has not been reported in the outer magnetosphere (L > 8) but instead near the plasmapause (Takahashi & Anderson, 1992) . Fujita, Tanaka, Kikuchi, Fujimoto, Hosokawa, et al. (2003) showed that the PI-FACs appear around a 70 ∘ magnetic latitude, resulting in the mode coupling from fast mode waves to Alfvén waves. However, they did not used a realistic Alfvén speed profile for the magnetosphere in their numerical study.
In a numerical simulation of SC that assumed a monotonic radial Alfvén speed profile without including a plasmasphere model (Yu & Ridley, 2009) , the inductive electric field, which is caused by the fast mode wave, generates a dusk-to-dawn displacement current just inside the dayside magnetopause for the PI phase, and the displacement current turns to FACs flowing into the ionosphere on the afternoon side and out of the ionosphere on the morning side at around 73 ∘ MLAT. Note that the region mapped into the magnetosphere is not near a significant Alfvén speed gradient. Yu and Ridley (2009) suggested that the change in the current path from the displace current to the FAC may be associated with the enhanced cusp dynamics that result from fast mode propagation toward the cusp region. Thus, it is possible to produce PI-FACs without invoking the mode conversion.
The SC results from a significant compression of the magnetosphere for several minutes. This indicates that the initial negative E y perturbation observed at THE-E around noon corresponds to the earthward plasma motion caused by the inward movement of the dayside magnetopause. That is, the electric field is related to the dynamic motion of the dayside magnetopause. Comparing E y at THE and the SuperDARN PYK radar data, we confirmed that the strongly enhanced equatorward ionospheric convection appeared for the interval, 12:08-12:10 UT, of the strong negative E y perturbation. From these observations we suggest that the magnetospheric flows are strongly connected to the ionospheric flows during the SC interval. The equatorward ionospheric convection is latitudinally limited to ∼70 ∘ from higher latitudes, as shown in Figure 6c . This can be explained by the deceleration of the earthward magnetospheric plasma motion. Since the background magnetic field strength increases as the plasma moves earthward, the inertia current flowing from the morning to the afternoon can be generated due to the deceleration of plasma flows. The electric field direction is opposite to the inertia current direction. Thus, the current is the dynamo current. If the inertia current is converged in the afternoon and diverged in the morning , then the polarity of FACs is the same as that of PI-associated FACs in the SC model. If the ground magnetic field perturbations, plotted in Figure 9 , for ∼12:08-12:10 UT are produced by the clockwise Hall current induced by a FAC flowing into the ionosphere, the center of the Hall current is located somewhere between HOR and SOR. Thus, it should be numerically examined whether the electric field variations for the PI phase are associated with fast mode waves or magnetospheric convection responding to the solar wind dynamic pressure variations. Kim et al. (2009) numerically investigated the convective electric fields during the SC interval for various local times at L = 4.65 (see Figure 4 in their study) and clearly showed a negative-then-positive (i.e., bipolar) perturbation in E y around noon. Along the local time from noon to the premidnight sector, the duration of negative E y perturbation becomes shorter, and it disappears around midnight. These SC-associated E y variations in the numerical study, which are very consistent with our observations, have been attributed to vortical plasma motions rotating counterclockwise in the afternoon sector. Since magnetic field lines in the outer magnetosphere are frozen in the rotating flows and are anchored at high latitudes, the rotating magnetospheric flux tube is twisted in a sense of a clockwise rotation in the ionosphere, leading to an upward FAC. As shown in Figures 6i-6k , we confirmed a clockwise rotation of the ionospheric flows at high latitudes (>70 ∘ MLAT) for the interval of positive E y . Thus, a large perturbation in the X-component at HOR and BJN in the MI phase is due to the counterclockwise ionospheric Hall current caused by the upward FAC in the afternoon, as mentioned above.
Conclusion
We examined the properties of SC-associated electric field variations observed simultaneously near noon, postmidnight, and midnight in the magnetosphere. The overall appearance of the SC-associated electric field differs considerably at different local times. Around noon at L =∼6, a dawnward-then-duskward electric field perturbation was observed. Such a two-phase structure of the SC-associated electric field perturbation is related to the ground SC perturbation at high latitudes. That is, the dawnward electric field perturbation corresponds to the PI phase and the duskward perturbation corresponds to the MI phase. In the postmidnight sector at L =∼5, the amplitude and duration time of the dawnward electric field perturbation is weaker and shorter than that around noon. Near midnight at L =∼5, there were no occurrences of dawnward electric field perturbation. If the dawnward electric field perturbation is associated with a fast mode compressional wave launched at the dayside magnetopause by an IP shock, the fast mode wave greatly weakens as it propagates tailward. Using the SuperDARN radar data, we confirmed that the ionospheric plasma motions during the SC are mainly due to the electric field variations observed in space. This indicates that the SC-associated electric field in space plays a significant role in determining the dynamic variations of the ionospheric convection flow. It should be noted that the present study is based on only one SC event. Obviously, quantitative and qualitative arguments presented above cannot be generalized. In the future, we need a large data set of SC events observed in the magnetosphere and ionosphere to understand the magnetospheric and ionospheric responses to solar wind dynamic pressure variations. It will be interesting to study the difference in the effects on convection flows associated with slow varying SC and fast varying SC.
